ABSTRACT A time-reversal (TR) multi-channel transmission approach with only one receiving antenna is theoretically proposed, numerically analyzed, and experimentally demonstrated in this paper. By using a single receiving antenna with parallel or serial constructed post-channel circuits, information can be received independently from each receiving channel in the proposed TR system. The simulated and experimented results show that the proposed TR system with a single receiving antenna has similar parallel transmission performance to the traditional TR system with multiple receiving antennas. The proposed approach can be used in the TR high-capacity communication systems.
I. INTRODUCTION
Time-reversal (TR) electromagnetic waves have several interesting characteristics, such as self-adaptively spatialtemporal synchronous focusing characteristic and wideband retro-directive characteristic [1] - [3] . Thanks to these characteristics, TR technique has be used to build several novel systems by controlling electromagnetic waves both in space domain and time domain, such as high-resolution imaging system [4] - [6] , wideband beamforming system [7] - [10] , indoor positioning system [11] , [12] , green internet of things system [13] , [14] , spatial field shaping system [15] - [17] , wireless cloaking system [18] , and high-capacity communication system [19] - [21] .
In the high-capacity communication system, the space diversity is very important to increase the channel capacity and setting the distance between receiving antennas larger than half wavelength is a common method to make each receiving antenna operating independently [22] . In TR transmission system, researchers have proposed several approaches to allow the receiving antennas operating independently within a sub-wavelength distance, even a few tenths of a wavelength [23] - [30] . One typical approach is
The associate editor coordinating the review of this manuscript and approving it for publication was Yejun He. placing micro-scatterers in the near field of antennas, such as coaxial probes surrounded by randomly copper wires and printed monopole arrays [23] - [25] . The micro-scatterers can be replaced by micro-patterns etched on the antennas to realize miniaturization [26] - [28] . However, the design of micro-scatterer and micro-pattern is haphazard, which makes the micro-scatterer approach very time-consuming and difficult to use. To solve this problem, Ding et al. proposed a circuit-based post-channel approach [29] , [30] . By constructing post-channel with dispersive delay lines (DDLs) or pulse-shaping circuits (PSCs) and embedding each receiving antenna with a specific DDL or PSC, the TR signals can independently focus to each outputting port of receiving antenna array when the distance between antenna elements are only λ/30, where λ is the free-space wavelength corresponding to the operational frequency [29] , [30] . Compared to the micro-scatterer approach, the circuit-based post-channel approach is more efficient, which is a rudiment of a new diversity technique, i.e., the dispersion code multiple access (DCMA) technique [31] - [33] . However, multiple receiving antennas are needed in the systems designed by whether the micro-scatterer approach or circuit-based post-channel approach and antennas in such systems have low radiation efficiency due to subwavelength dense arrangement.
In this paper, a novel TR multi-channel transmission approach with single receiving antenna is proposed. Firstly, by theoretical analysis, we find the multiple receiving antennas in post-channel-loaded subwavelength TR systems are actually redundant and only one antenna is necessary because the channels between each receiving antenna and transmission antenna are very similar when the distance between receiving antennas is subwavelength-scaled. After that, we propose a kind of modified TR multi-channel system with single receiving antenna under two different configurations and demonstrate the proposed approach numerically and experimentally. The simulated and experimented results show that information can be received independently from each receiving channel in the TR multi-channel transmission system with single receiving antenna. The proposed approach can be used in TR high-capacity communication systems.
II. TR MULTI-CHANNEL TRANSMISSION SYSTEMS
The TR transmission includes two main processes: the channel detecting process and the TR transmission process [23] - [30] . In the channel detecting process, a detecting signal is transmitted from the source port in receiver and received by the time reversal mirror (TRM) antenna, where TRM is a device to time-reverse signals. In the TR transmission process, the received detecting signal is firstly timereversed by TRM, after that, the information to be transmitted is coded using the time-reversed signal as a carrier, and the coded signal will focus to the source port through the identical propagation path after being transmitted by the TRM antenna. In the TR transmission system, the TRM antenna is generally noted as transmitting antenna because it is a part of the transmitter in the information transmission process. Some schematic diagrams of TR multi-channel systems are shown in Fig. 1 . Only one transmitting antenna is considered in this paper because we focus on the relation between system performance and receiving antenna configuration, the systems with multiple transmitting antennas can be analyzed similarly. Fig. 1(a) is a basic TR system with multiple receiving antennas. If the space channel response between transmitting antenna and one of receiving antennas is h s i (t), irrespective of the response of antennas and other devices, the received signal x i (t) and the transmitted signal s(t) have the relation in the channel detecting process:
where ⊗ denotes convolution, i is the serial number of the receiving antenna that transmits detecting signal in the channel detecting process. For convenience, we note this antenna as the source antenna. In the TR transmission process, the signals received by each receiving antenna are where T is a time delay constant, j is the serial number of receiving antennas,
represents a self-correlation, which can induce a TR focusing at the source port at T . However, when the distance between receiving antennas is subwavelength, the space channel responses between transmitting antenna and receiving antennas will be very similar and high focusing peaks will also appear at non-source ports, which can lead to TR multi-channel independent transmission failure [29] .
Inserting specific constructed post-channels (CPCs) between each receiving antenna and its outputting port is an efficient solution to make the receiving antennas with subwavelength distance outputting signals independently [29] , [30] , as shown in Fig. 1(b) . If the space channel response between transmitting antenna and receiving antenna i is h s i (t) and the corresponding post-channel response is h p i (t), irrespective of the response of antennas and other devices, the received signal x i (t) and the transmitted signal s(t) have the relation in the channel detecting process:
In the TR transmission process, the signals received by each receiving antenna are (4) . From (5) and (4), we can draw the same conclusion.
From the above discussion, we can see that although the traditional subwavelength TR system is efficient to suppress the undesired focusing at non-source ports, the multiple receiving antennas are actually redundant and only one antenna is necessary because the channels between each receiving antenna and transmission antenna are very similar when the distance between receiving antennas is subwavelength-scaled. Therefore, we can modify the traditional subwavelength TR receiver with single receiving antenna and parallel constructed post-channels, as shown in Fig. 1(c) . Similar to Fig. 1(b) , when the space channel response between transmitting antenna and the single receiving antenna is h s (t), the received signal x i (t) and the transmitted signal s(t) have the relation in the channel detecting process:
where i is the serial number of the receiving antenna that transmits detecting signal in the channel detecting process. In the TR transmission process, the signals received by each receiving antenna are (7) can induce a TR focusing peak at the source port. When i = j, no high focusing peaks will appear at non-source ports because the responses h p j (t) = h p i (t) as we design. We can also build a TR multi-channel system using single receiving antenna and serial constructed post-channels, as shown in Fig. 1(d) . Note the response of CPC i is h p i (t), the space channel response between transmitting antenna and the single receiving antenna is h s (t), irrespective of the response of antennas and other devices, if we transmit a detecting signal s(t) from Channel i (the channel after CPC i), the received signal can be written as
In the TR transmission process, the signals received by each receiving antenna are
When i = j, there are i + 1 couplers of self-correlations, which can induce a TR focusing peak at the source port. When i = j, no high focusing peaks will appear at non-source ports because the total CPC response h 
, the serial-post-channel-loaded system can still operate normally. More specifically, there are self-correlation-induced TR focusing peak at the source port when i = j and no high focusing peaks at non-source ports when i = j, which is different from the parallel system in Fig. 1(b) and Fig. 1(c) .
In other word, we may build a single-receiving-antenna TR multi-channel system by cascading several identical constructed post-channels according to the serial configuration shown in Fig. 1(d) . Similar to (4), (9) can also be written in frequency domain:
where the capital letters represent frequency-domain expressions of the corresponding lowercase letters in (9) . From (10) and (9), we can draw the same conclusion. The TR systems with parallel or serial post-channels have similar multi-channel transmission performances. The main difference between these two configurations is that the CPCs in the TR system with parallel post-channels should be different from each other and the CPCs in the TR system with serial post-channels can be the same.
From the above theoretical discussions, we have seen that the TR multi-channel transmission may be realized by using single receiving antenna and CPCs according to both parallel configuration and serial configuration, which can significantly reduce the complexity of TR systems and solve the low radiation efficiency problem in the traditional subwavelength TR systems. Next, we will further explain the proposed single-receiving-antenna systems by tracing signal paths and demonstrate the proposed systems numerically and experimentally.
III. SIGNAL PATH TRACING USING SINGULAR MARKER OF DISPERSION DELAY LINE IN THE MULTI-CHANNEL SYSTEM WITH SINGLE RECEIVING ANTENNA A. DISPERSION DELAY LINE WITH SINGULAR MARKER
To visually demonstrate the operation process and clearly show the signal path of the TR multi-channel system with single receiving antenna, a DDL with a singular resonance marker is designed, as shown in Fig. 2 . The DDL is printed on a dielectric substrate with a relative dielectric constant of 10.2 and a thickness of 1 mm. The input and output impedances of the dispersive delay line are both 50 . The scattering coefficient and group delay response of the DDL can be adjusted by changing the overall width w, as shown in Fig. 3 and Fig. 4 .
The DDL has a bandpass characteristic in most of the frequency band within 1-2 GHz and has a distinct narrow stopband around 1.5 GHz, which is considered as a singular marker in the following discussion. As the overall width w of the DDL increases, both of the narrow stopband and group delay peak move toward low frequency. When w is 20 mm, 21 mm, and 22 mm, respectively, the group delay responses of the DDL have a significant difference within 1-2 GHz, as shown in Fig. 4(a) , which can induce different time-domain responses. When a 1-2 GHz modulated Gaussian pulse signal is input into three DDLs with the width w of 20 mm, 21 mm, and 22 mm, respectively, the normalized output waveforms are shown in Fig. 4(b) . In order to clearly compare the three waveforms, the waveforms corresponding to w = 21 mm and w = 22 mm are shifted upward by 2 units and 4 units, respectively. From Fig. 4(b) , we can see that the waveforms of the three DDLs are significantly different, and the signal stretching length increases with the width w due to the different group delay responses. Now, taking the DDL with w = 22 mm for example, the cause of the singular stopband is analyzed. From  Fig. 3 and Fig. 4 , we can see that the singular stopband of the DDL with w = 22 mm is located at 1.3705 GHz and the group delay curve has a sharp fluctuation at 1.305 GHz, which is around the group delay peak. To visually display the cause of the singular response, the surface current distributions at 1.34 GHz, 1.3705 GHz, and 1.4 GHz are shown in Fig. 5 GHz, which are the nonsingular frequencies; the surface current shows a resonance characteristic at the singular frequency 1.3705 GHz. At the singular frequency, the tight meandering microstrip line of the DDL can be considered as a patch loaded with a lot of narrow slots, a reflective resonance appears when the slot-loaded patch is fed from an end and the reflective resonance induces a sharp fluctuation in the group delay curve. Next, the singular frequency marker will be used to trace the path of signals.
B. TR MULTI-CHANNEL TRANSMISSION WITH PARALLEL DISPERSION DELAY LINES
As we analyzed in the previous section, the TR multi-channel transmission system with single receiving antenna has two types of configurations, i. e., parallel configuration and serial configuration. Now, we will show the TR transmission performance in a three-channel system with single receiving antenna and parallel DDLs firstly, as shown in Fig. 6 . The receiver is composed of three modules, which are a receiving antenna, a one-to-three power divider, and three DDLs. The receiving antenna and the transmitting antenna in this numerical experiment are both monopoles and their reflection coefficients are smaller than −10 dB in the operational VOLUME 7, 2019 FIGURE 6. TR multi-channel system with single receiving antenna and parallel dispersion delay lines.
frequency band of 1-2 GHz. The power divider can provide three equal outputs in the band of 1-2 GHz. The structure of the DDLs has been introduced in the above section and their overall widths are w = 20 mm, w = 21 mm, and w = 22 mm, respectively. The DDLs inserted in Channel 1, Channel 2, and Channel 3 are noted as DDL 1, DDL 2, and DDL 3, respectively. Next, the independent transmission performance of each channel is displayed through TR process.
To show the far-field TR transmission process, the transmitting antenna (i. e., TRM antenna) is placed 5λ away from the receiving antenna and the whole system is placed in the free space. The TR process is as follows: (1) a 1-2 GHz modulated Gaussian detecting signal is fed from one of the three ports of the receiver, which is noted as the source port and the channel is noted as the source channel; (2) the detecting signal will be received by the TRM antenna after propagating through DDL, power divider, antenna, and space channel; (3) the received detecting signal is time-reversed and transmitted from the TRM antenna; (4) the transmitted time-reversed signal will be received by the three ports of the receiver after propagating through the identical space channel, receiving antenna, power divider, and DDLs.
The normalized received TR output signals of three channels and their normalized spectrums are shown in Fig. 7 . In order to clearly compare the TR signals and their spectrums, the signals from Channel 2 and Channel 3 are respectively shifted upward by 2 units and 4 units; the spectrums from Channel 1 and Channel 2 are respectively shifted downward by 60 dB and 30 dB. From Fig. 7 , we can see that the received signals from source channels have obvious TR focusing peaks and the received signals from non-source channels have no TR focusing peaks no matter which channel is set as the source channel. Moreover, the amplitudes of received signals from source channels are 5 times higher than those from non-source channels, which indicates each channel of the single-antenna receiver has an excellent independent TR focusing characteristic.
From the spectrum of each output signal, we can see that there is only one singular marker in the spectrum curve of the source channel, which is located at the resonance frequency of the DDL in the source channel; as a contrast, there are two singular markers in the spectrum curves of nonsource channels, one of the singular markers is located at the resonance frequency of the DDL in the source channel and another singular marker is located at the resonance frequency of the DDL in the specific non-source channel. For example, when Channel 1 is the source channel, the output spectrum of Channel 1 has one singular marker located at the resonance frequency of DDL 1, which is inserted in Channel 1; the output spectrum of Channel 2 has two singular markers respectively located at the resonance frequencies of DDL 1 and DDL 2, which are respectively inserted in Channel 1 and Channel 2; the output spectrum of Channel 3 has two singular markers respectively located at the resonance frequencies of DDL 1 and DDL 3, which are respectively inserted in Channel 1 and Channel 3. From TR process, we can know that the detecting signal received by TRM antenna only propagates through the source channel; therefore, the received detecting signal only has a singular marker caused by the DDL in the source channel. After that, when the TR signal is received by the receiving antenna and propagates into three channels, the output signal of each channel will have singular markers caused by the DDLs both in the source channel and the output channel. If the output channel is the source channel, the output spectrum will be marked twice by the same DDL; if the output channel is the non-source channel, the output spectrum will be marked by two different DDLs. Therefore, the singular marker of output spectrum has the congruent relationship with the TR time-domain focusing performance and we successfully trace the paths of signals by using the singular markers.
To demonstrate the independent transmission performance of the multi-channel TR system, three difference messages are transmitted to the single-antenna receiver simultaneously. We first perform TR operation on the three dispersed signals in Fig. 4(b) , and then encode the three signals into 11001, 10101, and 10011 according to the on-off-keying (OOK) with a code width of 400 ns, which are the messages for Channel 1, Channel 2, and Channel 3, respectively. Without loss of generality, we delay the three encoded signals by 0 ns, 200 ns, and 400 ns, respectively. After that, the three signals are added and transmitted simultaneously; the common transmitted signal received by the single receiving antenna is shown in Fig. 8(a) . After the received signal propagates through three channels of the single-receiving-antenna receiver, the output TR signal of each channel is shown in Fig. 8(b) . From this figure, the messages transmitted to three output ports can be clearly distinguished as 11001, 10101 and 10011, respectively, which demonstrates that the signals can be self-adaptively focused to target ports and each port of the single-receiving-antenna multi-channel TR system can receive messages independently and simultaneously.
C. TR MULTI-CHANNEL TRANSMISSION WITH SERIAL DISPERSION DELAY LINES
In the last section, the TR transmission performance in a three-parallel-channel system with single receiving antenna is analyzed. Compared to the traditional multi-receivingantenna TR system, the proposed parallel system can have the similar performance by using only one receiving antenna. In both the traditional multi-receiving-antenna TR system and proposed single-receiving-antenna parallel-channel TR system, several different post-channels should be constructed. As theoretically analyzed in Section II, we may build a singlereceiving-antenna TR multi-channel system by cascading several identical constructed post-channels, which is serial configuration.
Next, we will show the TR transmission performance in a two-serial-channel system with single receiving antenna by using the DDL with singular marker, as shown in Fig. 9 . The two DLLs in the system have the same dimensions and their overall widths w are both 22 mm. The receiving antenna and the transmitting antenna are both monopoles and their operational frequency band includes 1-2 GHz. The power divider can provide two equal outputs in the band of 1-2 GHz.
The far-field TR transmission process in the serial system is the same as that performed in the parallel system. The normalized received TR output signals of two channels in the serial system and their normalized spectrums are shown in Fig. 10 . The signal from Channel 2 is shifted upward by 2 units and the spectrum from Channel 1 is shifted downward by 30 dB in order to clearly compare the TR signals and their spectrums. From Fig. 10 , we can see that the received signals from source channels have obvious TR focusing peaks and the amplitudes of received signals from source channels are 5 times higher than those from non-source channels, which indicates each channel of the single-antenna receiver with serial DDLs has an excellent independent TR focusing characteristic.
Different from the output spectrums in the TR system with parallel post-channels shown in Fig. 7 , there is only one singular marker in the spectrum curves of both the source channel and non-source channel in Fig. 10 , which indicates the two DDLs in the system are the same. When Channel 1 is the source channel, the signal propagates through DDL once in the detecting process, the TR output signals of Channel 1 and Channel 2 respectively propagate through DDL once and twice in the TR focusing process, which induces a TR focusing in Channel 1 and no TR focusing in Channel 2. When Channel 2 is the source channel, the signal propagates through DDL twice in the detecting process, the TR output signals of Channel 1 and Channel 2 respectively propagate through DDL once and twice in the TR focusing process, which induces a TR focusing in Channel 2 and no VOLUME 7, 2019 FIGURE 11. Schematic of the experimental setups with (a) parallel pulse-shaping circuits and (b) serial pulse-shaping circuits.
TR focusing in Channel 1. In other word, when the timereversed signal propagates through DDL the same times as the detecting signal, TR focusing occurs; when the timereversed signal propagates through DDL different times from the detecting signal, TR focusing does not occur. In the serial-channel TR system, some of the DDLs are shared by all post-channels, which provides the system with independent transmission ability using several identical constructed post-channels.
IV. EXPERIMENTAL DEMONSTRATION OF THE TR MULTI-CHANNEL SYSTEM WITH SINGLE RECEIVING ANTENNA
As Introduction shows, there are two typical methods to construct post-channels, using DDLs and using PSCs [29] , [30] . In Section III, we have numerically validated the proposed TR single-receiving-antenna multi-channel independent transmission approach using DDLs. In this section, we will experimentally validate the proposed transmission method using PSCs, which are a kind of pulse-shaping devices adding up multiple instances of the signal with different delays. PSC is very easy to construct in the experiment and can offer greater operation flexibility. A typical PSC can be made by connecting two power dividers by several cables with different lengths. By changing the length difference of cables, the PSC can provide different output signals, which has been used to experimentally validate the traditional multi-receivingantenna TR system [30] .
The experimental setups with parallel PSCs and serial PSCs are shown in Fig. 11(a) and Fig. 11(b) , respectively. Each PSC in our experimental setups is composed of two 1-to-8 power dividers and 8 different-length coaxial cables. Both the experimental parallel-channel system and serial channel system have two post-channels. The two PSCs in parallel-channel system are different: the delay times of PSC 1 and PSC 2 are 0.5 ns and 1.2 ns, respectively. The delay times of two PSCs in serial-channel system are both 0.5 ns. The receiving antenna and the transmitting antenna are both monopoles and their operational frequency band includes 1-2 GHz. A 3-dB coupler is used to connect receiving antenna and PSCs and provide two equal-amplitude outputs in the band of 1-2 GHz. The arbitrary waveform generator (Tektronix AWG7122B) and digital serial analyzer (Tektronix DSA72004B) are used to generate and analyze signals, respectively.
The experimental procedure is as follows: (1) generate a 1-2 GHz modulated Gaussian pulse (detecting signal) using the arbitrary wave generator, and transmit it through a power amplifier; (2) record the detecting signal received by the receiving antenna after it propagating through the source channel using the digital serial analyzer; (3) time-reverse the recorded detecting signal using computer and transmit it from the transmitter; (4) record the TR focusing signals from both the source channel and the non-source channel of the receiver.
The experimental results of the parallel system and serial system are shown in Fig. 12 and Fig. 13 , respectively. The signal from Channel 2 is shifted upward by 2 units in order to clearly compare the TR signals received by different channels. In both the parallel system and serial system with single receiving antenna, the received signals from source channels have obvious TR focusing peaks and the received signals from non-source channels are spread out in time with much lower temporal power density, which indicates each channel of the single-antenna receiver has an excellent independent TR focusing characteristic in the experiment.
V. CONCLUSION
A single-receiving-antenna TR multi-channel transmission approach is proposed in this paper. Firstly, several TR multi-channel transmission systems are theoretically analyzed and two single-receiving-antenna multi-channel TR systems respectively loaded with parallel post-channels and serial post-channels are proposed. After that, the proposed systems are demonstrated numerically and experimentally. The simulated and experimented results show that information can be received independently from each receiving channel in both the single-receiving-antenna TR system with parallel post-channels and serial post-channels. The proposed approach can be used in TR high-capacity communication systems. 
